Flash responses of L-cones and rods were recorded as ERG mass potentials in the frog retina at different temperatures (2-25°C). The purpose was to elucidate factors that make cones faster and less sensitive than rods, particularly the possible role of thermal activation of L-cone visual pigment in maintaining a ''light-adapted" state even in darkness. Up to ca. 15°C, cones and rods were desensitized roughly equally by warming (Q 10 % 2.2-2.7), retaining a 5-fold sensitivity difference. In this range, the cone/rod difference must depend on factors other than thermal activation of the visual pigment. Above 15°C, cones showed an additional component of desensitization compared with rods, coupled to accelerated response shut-off. This behavior is consistent with light-adaptation from temperature-dependent intrinsic activity (dark light). The apparent dark light as measured by the minimum background intensities needed to affect sensitivity and/or kinetics increased by ca. 10-fold between 15 and 25°C, whereas reported increases in visual-pigment activation rates over this range are less than 5-fold. We conclude that the dark state of frog L-cones above 15°C may be largely set by thermal activation of the phototransduction machinery, but only part of the experimentally determined dark light can be ascribed to the visual pigment.
Introduction
In the dark-adapted state, a long-wavelength-sensitive cone (Lcone) always gives a much smaller response than a rod to each photon absorbed. Depending on species, the fraction of the total light-sensitive current turned off by one photoisomerization in Lcones is 5-100 times less than in rods (Baylor, 1987; Donner, Hemilä, & Koskelainen, 1998; Fain & Dowling, 1973; Kefalov, Fu, Marsh-Armstrong, & Yau, 2003; Kefalov, Fu, & Yau, 2005; Schnapf, Nunn, Meister, & Baylor, 1990 ). This reflects a lower molecular gain of phototransduction (e.g. Kefalov et al., 2003) , which is mainly due to faster response recovery, resembling the situation when rods are desensitized by steady background illumination (cf. Fain, Lamb, Matthews, & Murphy, 1989) . Although cones and rods have their own isoforms of the main phototransduction proteins (e.g. PDE: Gillespie & Beavo, 1988; Hamilton & Hurley, 1990; G-protein: Lerea, Somers, Hurley, Klock, & Bunt-Milam, 1986) , the reaction chain is basically identical in the two classes of photoreceptors. The known functional differences between cone and rod phototransduction molecules relate mainly to the stability of the visual pigment and the kinetics of recovery from bleaches (Golobokova & Govardovskii, 2006; Kefalov et al., 2003; Rieke & Baylor, 2000;  see however Sakurai et al., 2007) . Expression levels of some important players also differ. For example, G-protein inactivating RGS-9 is expressed at a higher level in cones (Cowan, Fariss, Sokal, Palczewski, & Wensel, 1998) .
The present evidence on thermal activation rates of L-cone pigments and their functional impact in different species is diverse. On one hand, estimates of activation rates that would produce the electrical dark noise measured in the frequency band of photoresponses are very high, corresponding to thousands of activations per cone per second (turtle: Lamb & Simon, 1977; macaque: Schnapf et al., 1990; salamander: Rieke & Baylor, 2000; Sampath & Baylor, 2002; monkey: Dunn, Lankheet, & Rieke, 2007) . In salamander, the frequency spectrum of the noise also coincides with that of linear-range photoresponses, and Rieke and Baylor (2000) concluded that spontaneous pigment activation effectively light adapts salamander L-cones in darkness. On the other hand, recent studies where L-cone pigment has been expressed in rod transduction environments, enabling more direct measurement of rates of photon-like events, have given much lower values (salamander: Kefalov et al., 2003; human: Fu, Kefalov, Luo, Xie, & Yau, 2008) . Furthermore, the salamander pigments studied contain a large proportion using the A2 chromophore, which is likely to produce a much less stable pigment than the A1 chromophore (Ala-Laurila, Donner, Crouch, & Cornwall, 2007; Donner, Firsov, & Govardovskii, 1990b) dark rate of 10 events per cone per second (Fu et al., 2008) , ca. 2 orders of magnitude below the background intensity that begins to desensitize monkey cones (Boynton & Whitten, 1970; Dunn et al., 2007) . Thus it is possible that only A2 based pigments have rates of thermal activations high enough to light adapt cones.
The main purpose of the experiments we report here was to study the possible role of an L-cone visual pigment with A1 chromophore in setting the dark-adapted operating point of the phototransduction machinery in the cone. We modulated the intrinsic activation level (''dark light") of frog photoreceptors by varying temperature and measured effects on response kinetics and sensitivity. The effects were calibrated by measuring effects of real background light at different temperatures. The level of activation of the transduction machinery in reasonably strong light is ultimately determined by the mean rate of photoactivation of visual pigment. In darkness it may in principle depend on the spontaneous activity of all the key components of the transduction chain, notably the visual pigment, transducin and phosphodiesterase (Rieke & Baylor, 1996) .
Our rationale was to isolate effects that could be due to thermal activation of the visual pigment by comparing the behavior of Lcones and rods. Thermal activation rates in both classes of visual pigment are expected to show a similar temperature-dependence, increasing by ca. 4-fold when temperature is raised from 15 to 25°C (Ala-Laurila, Donner, & Koskelainen, 2004; Baylor, Matthews, & Yau, 1980; Sampath & Baylor, 2002) . In rods with A1 rhodopsin, however, absolute activation rates are so low even at higher temperatures that they do not affect the state of adaptation (Ala-Laurila et al., 2007; Baylor, Nunn, & Schnapf, 1984; Baylor et al., 1980) . Hence, any temperature effects that are similar in L-cones and rods are probably not due to thermal activation of visual pigment.
The results reveal two ranges of temperature effects on L-cone kinetics and sensitivity. Up to ca. 15°C, cones and rods desensitized in parallel with warming, the cones being less sensitive than the rods by a constant factor of 5. Above 15°C, the cones showed an additional component of thermal desensitization resembling light adaptation. Our best estimates of the ''dark light" in the latter range, as titrated by real background light, grew from 30 P * s À1 at 15°C to 450 P * s À1 at 25°C. This temperature dependence is too steep to be accounted for by thermal activation of the visual pigment alone.
Methods

Preparation, recording and light stimulation
Common frogs, Rana temporaria, were caught in the autumn in Leningrad Region, NW Russia. The frogs were kept in near-darkness at ca. 6°C without feeding, resembling hibernating conditions, until the afternoon before an experiment. The animal was then transferred to a light-tight container and kept in darkness overnight while temperature was allowed to rise gradually to ca. 15°C. After decapitation and double-pithing, the eyes were enucleated and the retinas detached in cooled Ringer under dim red light. An isolated retina was placed in a specimen holder (Donner, Hemilä, & Koskelainen, 1988) , where the upper (photoreceptor) side was superfused with a constant flow (ca. 1.4 ml/min) of Ringer's solution containing (mM): Na + 111.3, K + 2.5, Mg 2+ 1.5, Ca 2+ 1.0; Cl À 113.0, glucose, 10.0; EDTA, 0.01; HEPES, 12.0. The solution was buffered to pH 7.5-7.7 (at room temperature). Leibovitz culture medium L-15 (Sigma), 0.72 mg/ml, was included to improve the viability of the retina. Sodium-L-aspartate (2 or 4 mM) was added to block synaptic transmission to second-order neurons. Furthermore, BaCl 2 (2-10 mM) was added in the lower electrode space, from where it would slowly diffuse through the retina to suppress glial currents by blocking potassium channels located mainly at the end feet of Müller cells (Bolnick, Walter, & Sillman, 1979; Newman, 1987) . The temperature was controlled by a heat exchanger below the specimen holder and monitored with a thermistor in the bath close to the retina.
The common frog R. temporaria is very suitable for these experiments. First, the temperature range used, 2-25°C, is quite natural for this species, which is visually active in a wide range of conditions from hibernation in lakes close to 0°C to hot summer days with temperatures up to 30°C. In spring, a single jump from land into ice-cold water may cause eye temperature to drop by more than ten degrees within a few minutes. Second, frog photoreceptors provide the classical textbook example of large morphological differences between cones and rods (not so clearly present in mammalian photoreceptors, for example). The cone outer segment, with a volume of only ca. 20 lm 3 , is some 50-70-fold smaller than the rod outer segment (Donner et al., 1998) . It is truly cone-shaped with disks contiguous with the plasma membrane, open to the extracellular space (Nilsson, 1964) .
The signal we analyze is the mass light response recorded by ERG across the intact, isolated frog retina, where synaptic transmission from photoreceptors has been disrupted with aspartate. The intact-retina preparation has the advantage that the cells remain in quite a natural physiological state, which is essential when studying adaptation properties and/or temperature effects (Donner, Copenhagen, & Reuter, 1990a; Nymark, Heikkinen, Haldin, Donner, & Koskelainen, 2005) .
Recording of the ERG mass receptor potential
The transretinal potential was recorded with two Ag/AgCl electrodes, one in the space under the retina and the other in chloride solution connected to the perfusion Ringer through a porous plug. The DC-signal was amplified 10,000Â, digitized at 200 Hz and stored on a computer hard disk.
Light stimulation
Stimulus pulses and steady background lights were provided by a dual-beam optical system (Donner et al., 1988) , for which the common light source was a 50 W tungsten lamp. The light intensities of the two beams, stimulus and background, were controlled separately with calibrated neutral density filters and wedges. Both channels produced homogeneous full-field illumination. Stimulus and background wavelengths (552 and 642 nm alternating for the stimulus channel, 621 nm for the background) were produced with interference filters (Melles Griot, half-transmission bandwidth ca. 10 nm). Twenty milliseconds pulses (''flashes") of stimulus light were provided by a computer-controlled magnetic shutter (Compur).
Calibration of photoisomerization rates in L-cones and rods
The absolute intensity of the unattenuated beam (photons mm À2 s À1 incident on the retina) in both channels was measured in each experiment with a calibrated photodiode (EG&G HUV-1000B; calibration by the National Standards Laboratory of Finland). Conversion into photoisomerizations per cone (P * ) or per rod (Rh * ) per second was done as prescribed by Donner, Koskelainen, Djupsund, and Hemilä (1995) for rods and Donner et al. (1998) for cones. For the same frog population and recording conditions as used here, it was estimated that 1% of k max (562 nm) photons incident on the retina cause isomerizations in L-cones. Given the density of 15,700 cones per mm 2 , this corresponds to an effective collecting area a c = 0.64 lm 2 . After adjusting the specific absorbance to the wavelengths used in the current study, k flash (642 nm) and k background (621 nm), this corresponds to a c = 0.12 and 0.27, respectively (Govardovskii, Fyhrquist, Reuter, Kuzmin, & Donner, 2000) . For rods, the corresponding fraction is 36% lead-ing to a c = 16.6 lm 2 at k max (ca. 502 nm), and 9.6 lm 2 and 0.18 lm 2 at k flash (552 nm) and k background (621 nm), respectively.
Experimental protocol
Cone responses to 20 ms flashes were recorded (i) in the darkadapted state at different temperatures (2-25°C) and (ii) at fixed temperature under a series of steady adapting background lights (0-150,000 P * s
À1
). After having been mounted in the specimen chamber, the retina was allowed to adapt in darkness for 1-2 h at 20°C before the experiment was started. First, a few response families to flashes of increasing intensity covering the dynamic range of the cones were recorded at 15°C. These data were later used for anchoring data from different retinas with somewhat different dark-adapted sensitivities to a common reference point. The temperature was then set to a selected value and the retina was left to adapt to the new temperature in darkness for about an hour, after which a dark-adapted flash response family was recorded at the new temperature. In ''temperature" experiments, this cycle was repeated at several temperatures. In ''background" experiments, a steady adapting light was turned on without further change of temperature and the retina was allowed to adapt for at least 15 min to ensure that both the fast and slow phases of light adaptation were complete both in rods and cones (Calvert, Govardovskii, Arshavsky, & Makino, 2002) . At least three response families with the same set of flash intensities were recorded at each background. The background intensity was then increased and the cycle repeated.
Isolation of L-cone and rod photoreceptor responses from the ERG signal
The aspartate-isolated mass receptor potential recorded by ERG sums response contributions from all photoreceptor types. In the genus Rana, these comprise two types of rods (a dominant population of ''red" 1 rods peaking at ca. 501-503 nm and a small proportion of short-wavelength sensitive ''green" rods at ca. 431-433 nm) and up to three types of cones: L-cones, M-cones and S-cones (Govardovskii et al., 2000; Hárosi, 1975; Koskelainen, Hemilä, & Donner, 1994; Liebman & Entine, 1968) . In R. temporaria we have not been able to identify any response component from the ''rhodopsin-like" M-cones (Koskelainen et al., 1994) , nor has this cone type been observed by microspectrophotometry (Victor Govardovskii, personal communication), so its presence in this species remains contentious. R. temporaria L-cones and S-cones have k max % 562 nm and 431 nm, respectively (Koskelainen et al., 1994) . The sensitivity of the S-cone and the green rod, which at least in salamander retina contain the same visual pigment (Ma et al., 2001) , is negligible at the wavelengths we use for stimulation (642 and 552 nm). In the following, whenever we use the words ''cone" and ''rod" without qualifications, we refer to L-cones and 502-nm rods.
The procedure for isolation of cone responses from the mass receptor potential has been described in detail by Donner et al. (1998) . The rod component is removed by subtracting from the photoresponse to a cone-favouring ''red" (here 642 nm) flash the response to a rod-equivalent ''green" (here 552 nm) flash. The small cone component in the 552 nm response, which is lost in the subtraction, is restored by adding the difference between the responses to its cone-equivalent 642 nm flash and the rod-equivalent 552 nm flash of the latter (where the cone component is already negligible). The cone-and rod-equivalent intensities of the two stimulating wavelengths were calculated in advance from pigment templates (Govardovskii et al., 2000) , observing rod selfscreening (cf. Koskelainen et al., 1994) , and biologically calibrated during each experiment to adjust for minor variations between individual retinas. The rationale is illustrated in Fig. 1 .
Rod photoresponses to 552 nm flashes were purified by subtraction of their cone component determined as described above.
Analysis
Photoreceptor sensitivity
To express amplification and sensitivity of the phototransduction process in a manner that is comparable between different states of adaptation, retinas, animal species, and recording techniques, the response amplitudes R(t) were always normalized by the saturated amplitude R sat in the respective condition. This gives the ''fractional response" r(t):
By considering fractional responses, we factor out overall changes in the light-sensitive current (the ERG signal being the corresponding ohmic voltage). The total light-sensitive current varies with temperature as well as (brighter) background light, which will scale all responses independent of the actual gain of phototransduction. Removing the effects of this general scaling allows us to focus on changes in the phototransduction processes inside the photoreceptor cells. The fractional flash sensitivity (denoted S) is defined as the fraction of the light-sensitive current turned off by a single photoisomerization. To obtain this parameter from the response vs. flash intensity (r vs. I) curves, we fitted the peak response amplitudes in sets of fractional photoresponses recorded at 4-6 flash intensities with a linear combination of the expressions for Michaelis and exponential saturation (Nymark et al., 2005) :
We found that the best overall fit to the data was obtained when the weighting parameter a was given the value 0.5, which we then fixed and used in all the analyses.
Activation kinetics
To compare the activation efficiency of rods and cones at different temperatures, the activation phase of the normalized responses was fitted with a phototransduction model by Lamb and Pugh (1992) :
in which r(t) is the response waveform, U is the stimulus intensity in photoisomerizations per cell and A is an activation coefficient (in s
À2
). The delay parameter t d combines several small delays in the activation cascade.
For cones, the activation model (2) was convoluted with an exponential delay to account for filtering due to the cell's membrane time constant s, which is ca. 5 ms (cf. Smith & Lamb, 1997) . The time constant is significantly smaller in rods compared with cones, and due to the slow kinetics of rod photoresponses, the effect of capacitive filtering on the waveform is negligible in rods, thus the time constant may be lumped into the overall delay, t d .
Two things should be noted about the activation coefficient A at this point. First, if all other properties of two photoreceptors are equal, it scales inversely with the cytoplasmic volume V (Lamb & Pugh, 1992) . Thus a smaller cell could be expected a priori to have a larger A than its bigger counterpart. Second, if response kinetics is determined by activation alone (as is likely to be the case at the earliest times after a flash), the time required to reach a certain criterion amplitude scales with A À½ (see Eq. (3), as well as the results section).
Results
Warming accelerates the activation phase of phototransduction, but decreases the fractional response amplitude per photon
The general effects of warming on dark-adapted L-cone photoresponses are shown in Fig. 2a side by side with rod responses (Fig. 2c ) for easy comparison. In both cases, responses to brief light flashes of five different intensities were recorded at 7°C (blue traces) and 15°C (black traces). Two effects are immediately evident in both photoreceptor types: at the higher temperature all responses are faster, and the saturated response amplitude is larger. Similar results have been reported for turtle L-cones , toad rods (Baylor, Matthews, & Yau, 1983; Lamb, 1984) , frog rods (Donner et al., 1988) and rat rods (Nymark et al., 2005) . When the peak amplitudes of the responses, expressed as fractions of the saturating amplitude, are plotted against flash intensity ( Fig. 2b and d) , a third major difference becomes evident: the intensity-response function of both cones and rods at 15°C is shifted towards higher values on the logarithmic intensity axis compared with that at 7°C. In other words, the fraction of the light-sensitive current turned off by each photoisomerization decreases with warming.
This decrease in fractional sensitivity is difficult to appreciate directly from the recorded photoresponses, because it is obscured by the increase in saturating response amplitude (which boosts all re- other, as depicted in the figure. The flash intensities were chosen for R1 and G2 to excite cones equivalently, so that the loss of cone component due to the subtraction procedure R2-G2 can be compensated by addition of an equivalent cone response (Cone1). sponses in terms of absolute amplitude) and the faster kinetics. Indeed, analysis of the activation phase alone (Fig. 3 , Eq. (3)) shows that warming increases the amplification factor in both cones and rods very similarly, with Q 10 % 2. This is not surprising, as all chemical reactions accelerate with warming, and the fact that both receptor types behave similarly suggests that the change indeed reflects simple ''chemical" acceleration. As a result, the amplification factor in cones stays larger than in rods by a constant factor (ca. 4) throughout the 5-fold change in absolute values from 7 to 25°C. Fractional sensitivity, however, is derived from the (fractional) peak amplitude of the response, which depends on the relation between activation and deactivation (shutoff) mechanisms. The acceleration of times-to-peak with warming is steeper than that of activation kinetics, as illustrated for L-cones in Fig. 4 . The open circles in the figure present the inverse square root of the amplification factor (A À½ ), which is proportional to the time it would take to reach a criterion amplitude in the linear range in the absence of deactivation processes. This ''pure activation" time parameter decreased by a factor of 1.5 per 10°C temperature rise. The solid squares plot the measured times-to-peak, which depend on both activation and shutoff. They decrease by ca. 2.5-fold per 10°C. The difference indicates that deactivation has accelerated more than activation, as can be directly seen from the responses in the inset of Fig. 4 . Amplitudes decrease largely because responses are curtailed at earlier times.
Although activation and deactivation kinetics can thus be pried apart, there is a fundamental problem in the interpretation of changes in response kinetics. Under temperature changes the activation and deactivation phases are generally coupled so that the basic waveform of linear-range responses remains roughly constant and the changes in kinetics can be described by a simple compression or extension of time scale (Baylor et al., 1983; Lamb, 1984; Nymark et al., 2005) . The same is approximately true of the waveform of linear-range responses when accelerated by moderate intensities of background light, although this is mainly caused by selective acceleration of response cut-off Donner et al., 1995) . Thus kinetic changes in one photoreceptor type alone do not carry enough information to distinguish ''trivial" temperature effects due to general changes in diffusion rates and reaction kinetics from light-adaptation-like effects due to thermal activation of transduction molecules. We sought the additional information needed in a comparison of rod and L-cone behavior.
Rods provide a ''baseline" against which to judge changes in Lcones, because the two photoreceptor types differ at least with respect to the possible impact of thermal activations of visual pigment. Rod rhodopsins with A1 chromophore are so stable that their thermal activation rates even at higher temperatures, e.g. 25 or 37°C, are clearly below the range of background lights that may affect response kinetics or sensitivity (Ala-Laurila et al., 2007; Baylor et al., 1980; Baylor et al., 1984) . By contrast, estimates of thermal activation rates of amphibian L-cone pigments fall in a range that could ''light-adapt" the cells (Rieke & Baylor, 2000) . The temperature-dependence of thermal activation rates measured in toad rods is as high as 3.8-fold per 10°C (Baylor et al., 1980) , and according to the model of Ala-Laurila et al. (2004) , rates in L-cone pigment are expected to increase by a factor of 4 over the same temperature interval. Sampath and Baylor (2002) report Q 10 = 4.7 for the thermal activation rate of salamander L-cone pigment (with A2/A1 chromophore mixture).
Effects of warming similar to light adaptation may also arise from thermal activity originating downstream from the visual pigment, which may affect rods as well as cones. We hypothesize that both rods and L-cones will be desensitized by warming, but due (at least) to higher rates of visual-pigment activation, the cones will display an additional component of desensitization not present in rods. We tested this hypothesis by mapping changes in fractional sensitivities of dark-adapted cones and rods at several temperatures in the interval 2-25°C. 
Warming desensitizes and accelerates L-cones more than rods above 15°C
As shown in Fig. 5a , the fractional sensitivity of both rods and cones declined monotonically over the range 10-25°C. This agrees with previous measurements in rat rods by Nymark et al. (2005) , whose average data have been included in Fig. 5a for comparison (open stars). Below ca. 10°C, fractional sensitivity remained roughly constant in all three cell types. The rod data of frog and rat above 10°C are well-fitted by regression lines having the same slope. When this line is vertically shifted to fit the Lcone data, it becomes evident that the cone function decreases more steeply with temperature at least from 15°C upwards. Between 15 and 25°C, cones desensitized with Q 10 % 4, whereas rod Q 10 was about 2.2. This agrees with the prediction of an extra desensitization component in L-cones compared with rods. Below 15°C, factors shared by rods and cones appear to dominate (e.g. activation of transduction components other than the visual pigment, or ''general" temperature effects unrelated to light adaptation). Admittedly, even between 7 and 15°C, desensitization appears to be somewhat stronger in cones than in rods (Q 10 % 2.7 vs. 2.2).
The waveforms of photoresponses provide further insight into the mechanisms underlying the difference in cone and rod desensitization. Panels b and c in Fig. 5 compare changes in the shape of linear-range flash responses of cones and rods upon warming, on one hand from 7 to 15°C, i.e., the range where rod and cone sensitivities responded similarly to temperature, on the other hand from 15 to 25°C, i.e., the range where cones displayed an extra desensitization component. To bring out similarities and differences in the changes, the rod and cone responses at 7°C were first normalized to coincide at peak (Fig. 5b, higher-amplitude traces, cone-black, rod-grey). After this normalization of amplitude and time scale, the entire waveforms of the cone and rod response superposed rather accurately.
The very same scaling factors were then applied to the responses to the same flashes recorded at 15°C (Fig. 5b , loweramplitude traces). In this case, too, the scaled traces superposed quite closely over their entire course. The fact that the same scaling made cone and rod responses coincide at 7 and 15°C implies that the coupled changes in kinetics and amplitude did not differ between cones and rods in this temperature range. This is consistent with the idea that there are no cone-specific effects of temperature in this interval. Comparison of rod (black traces) and cone (grey traces) flash responses (I = 10 Rh * for rod and 24 P * for cone) at 15 and 25°C after normalization with respect to amplitude and time to peak at 15°C. Now consider the two pairs of linear-range flash responses recorded at the two higher temperatures (15 and 25°C, displayed in Fig. 5c ). Again, normalization of the 15°C responses of cones and rods to coincide at peak brought the entire waveforms into register (Fig. 5c, high-amplitude traces) . However, when the same scaling factors are applied to the responses to the same flash recorded at 25°C (Fig. 5c, lower-amplitude traces) , the cone response (black) is seen to peel off from a common rise much earlier than the rod response (grey). This resembles light adaptation. The observations illustrated in Fig. 5b and c were robust and reproducible in all retinas where this kind of analysis was done (N = 4 for both 7-15°C and 15-25°C). It supports the view that the extra desensitization of cones compared with rods above 15°C involves extra acceleration of response shutoff similar to the effect seen under moderate light adaptation.
Effects of steady adapting background lights at different temperatures
A common paradigm for gauging the intrinsic light-like activity in dark-adapted photoreceptors is to determine at what intensity of real background light sensitivity and kinetics begin to change. As long as they do not, the added real light must be insignificant in its capacity to set the point of operation of the transduction machinery, either because it represents an insignificant addition to ongoing intrinsic visual-pigment activation (''dark light"), or because it is too weak in absolute terms to affect the state that prevails in darkness. In A1 rods, which have very low thermal pigment activation rates of ca. 0.01-0.02 Rh * s
À1
, the latter is known to be the case (Baylor et al., 1980) . They start desensitizing only from background intensities that deliver roughly one photoisomerization per rod per integration time on average (see further below).
In the following we present results of experiments where we probed the differences between L-cones and rods at different temperatures with background lights (Figs. 6-9 ). For our present purpose, it was particularly important to take into account the actual complexity of background adaptation, especially in cones, rather than just applying schematic descriptions like e.g. the Weber function. Therefore, we shall first briefly describe the main features of rod and cone adaptation in the frog retina at one temperature, ca. 15°C, summarizing the results of Donner et al. (1995) , Donner et al. (1998) .
Rods
Rod sensitivity and kinetics change monotonically with increasing background intensity starting from about 1 Rh * s À1 (termed I 0 ).
From there up to ca. 1000 Rh * s
À1
, fractional sensitivity S f (called ''relative sensitivity" in Donner et al. (1995) ) drops approximately according to a square root law S f = S fD /(1 + I B /I 0 ) ½ , while the time to peak t p shortens according a power law t p = t pD /(1 + I B /I 0 ) n with n = 0.14-0.19. At still higher background intensities, the drop of S f becomes steeper and the decrease of t p flattens out. Data from the new experiments on rod adaptation carried out for the present work will be shown only in the form of I 0 values determined at different temperatures (Figs. 8 and 9 ).
Cones
In a midrange of background intensities from 10 2 up to 10 4 - , the sensitivity drop gets steeper, while the shortening of time to peak ceases and may even be reversed. At very high background intensities (>10 7 P * s
À1
), there is a true Weber range, reflecting the fact that quantum catch decreases in proportion to the very small fraction of visual pigment remaining in the unbleached state.
For determining the ''dark light", the fact that cone adaptation under moderate and strong backgrounds consists of several distinct limbs with different underlying mechanisms implies that any value I 0 obtained by fitting some simple function (e.g. Weber) to the entire range is of questionable value. The most crucial problem, however, concerns the low intensity range where background light just begins to take effect, and for this we shall turn to the data presented in Figs. 6 and 7. Fig. 6a shows cone responses to a constant flash intensity in the near-linear range in darkness and under several different adapting backgrounds, recorded in one retina at 20°C. Fig. 6b plots fractional sensitivities and times to peak from the same experiment as functions of background intensity on log-log scales. The green response in panel A was recorded under dark-adapted conditions, while the red trace was recorded under I B = 120 P * s À1 . It is evident that the response has accelerated even at this background, where no desensitization is yet present. Indeed, in this retina there was even a slight increase in sensitivity associated with backgrounds near 120 P * s
. At background intensities higher than this, the responses begin to show hallmarks of ''classical" light adaptation, i.e., desensitization due to accelerated response cut-off. An initial increase in sensitivity was present in ca. half of the retinas included in the present data, and in all retinas there was a tendency, however slight, for t p to be affected by lower background intensities than sensitivity. This indicates that at least two, if not several, processes are activated at the lowest adapting intensities, some acting to maintain or increase sensitivity, others to decrease it. Thus sensitivity is likely to be a poor indicator of the background intensity that first starts to affect the internal state of the cell. Below, it will be argued that response time scale provides a more sensitive indicator.
3.3.3. Log sensitivity and log time scale as functions of log background intensity Fig. 7a plots log fractional sensitivities over 5-6 log units of adapting intensities at four different temperatures: 7, 15, 20 and 25°C (log sensitivity vs. log background intensity, here termed SVI functions). Data recorded at one temperature are encoded by one color, and at each temperature data from different retinas are marked by different symbol types (three experiments at each temperature). Panel b plots log times-to-peak of linear-range responses from the same experiments against log background intensity (here termed t p VI functions). All data have been normalized to the averaged dark sensitivity at our reference temperature 15°C (big black circle), as it is likely that baseline differences between retinas in ERG recordings mainly reflect differences in quantum catch of the preparations (see Methods). Fig. 7a shows, firstly, that the background intensity where a change of sensitivity can first be reliably detected is higher, the higher the temperature; secondly, that the shape of the SVI function is different at different temperatures. Thirdly, the collected data clearly demonstrate the variable and partly non-monotonic nature of sensitivity changes at the lowest background intensities (as exemplified in Fig. 6a) .
From Fig. 7b , it is evident that the changes in response kinetics (as measured by the time-to-peak of linear-range responses) were more regular. Moreover, they generally started at background intensities lower than those where sensitivity began to decrease. This is shown in Fig. 7c , which plots fractional sensitivity as function of time-to-peak from the data in a and b. At each temperature, there is a range of low background intensities (highlighted by boxes) where sensitivity either stayed constant or sometimes even increased in spite of accelerated response kinetics. This precedes the range of ''conventional" background adaptation, i.e., acceleration-coupled desensitization.
Determination of the apparent dark light from SVI and t p VI functions
If a certain background light changes any aspect of the cone light response, it must have affected the internal state of the transduction machinery, and it must have done so by adding significantly to the intrinsic rate of visual-pigment activations. As pointed out above, sensitivity is problematic as an indicator of the internal state of the cell, since the lowest background lights appear to trigger sensitizing as well as desensitizing processes. Thus we think that the essentially monotonic time scale changes can provide the most relevant measures of the dark light for probing the dark-adapted state of the L-cones. To get a broader comparison, however, we used four methods for estimating the dark light from the data in Fig. 7 , two based on time scale (Fig. 7b) and two based on sensitivity (Fig. 7a) .
Method 1 entailed fitting power functions of the form t p = t pD / (1 + I B /I 0 ) n to the t p VI data from each experiment separately. Based on initial exploratory fitting, the exponent n was constrained to have the same value 0.17 for all experiments. The mean value of I 0 obtained at each temperature was taken as a dark light estimate, denoted I D,t . Methods 2 and 3 involved determining the ''Greatest Non-adapting Background intensity" from the t p VI and the SVI data. Two asymptotes were assigned to the data: a horizontal one to the data at the lowest background intensities and a final slope to the data at the highest background intensities at each temperature. Then the data points falling between these asymptotes were fitted with a third least-square line. The slopes of the final asymptote as well as the third line were constrained to be the same in all experiments at the same temperature. The Greatest Non-adapting Background intensity was obtained as the intersection of the third line and the horizontal asymptote. The dark light estimate thus obtained from time-to-peak data was denoted I D,GNt and that from sensitivity data was denoted I D,GNS .
Method 4 was the conventional fitting of a Weber function, S f = S fD /(1 + I B /I 0 ), to the entire range of SVI data for each experiment. The mean value of I 0 obtained at each temperature was taken as the dark light estimate, denoted I D,W . Our reason for including the Weber model despite the critical points expressed above was that it has been much used in earlier work and we wanted to compare I D,W with the other I D -values obtained by methods 1-3.
The estimates obtained by all four methods at 7, 15, 20 and 25°C are given in Table 1 . Interestingly, I D,t and I D,GNs are quite similar, and although I D,GNt is somewhat lower than these, all increase similarly with warming. This is evident from Fig. 8 , where these three estimates are plotted as functions of temperature (red symbols). For comparison I D,GNS values for rods of both frog (present experiments, grey circles) and rat (data of Nymark et al. (2005) , open circles) are also shown. Notably, the temperature-dependence of the rod values is shallower than that of the cone values from 15°C upwards.
The Weber dark light estimates I D,W are higher than all the others by at least one order of magnitude (Table 1) . They have not been plotted in Fig. 8 to avoid clutter, but in fact they change with temperature very similarly to the others. The pattern of changes in apparent dark light with temperature is surprisingly insensitive to the particular method used for determination. On the other hand, the estimate for the intensity of intrinsic lightlike activity within the photoreceptors is crucially dependent on this choice.
The temperature dependence of cone I D is not explained by changes in integration time
The temperature-dependence of the apparent dark light is likely to contain one component that is simply due to changes in the temporal integration of the ''adapting factors" in the cell. If the integration time for adapting factors decreases with warming (as it probably must), this change alone will push the ''greatest nonadapting background light" to higher intensities, even under the assumption that the intrinsic light-like activity of the cell stays constant. We hypothesized that the integration time for adapting factors changes like the integration time of photoresponses, i.e., proportionally to the time-to-peak of linear-range flash responses, and calculated how much would remain of the temperaturedependence of I D if this was factored out. The cone and rod I D,GNS values from Fig. 8 are plotted in Fig. 9 rescaled according to this hypothesis. (The other dark light estimates have been omitted for clarity.) In rods of frog as well as rat there remained, at most, a very slight dependence on temperature after this scaling. Among several possible interpretations, one would be that the intrinsic light-like activity in rods at all experimental temperatures used here is so low that I D values determined from SVI functions mainly express at what point the integrated desensitizing processes elicited by the real background light exceed a certain threshold. As the integration time decreases with warming, the light intensity required to exceed this threshold rises, and this produces an apparent increase in the dark light as titrated with background lights. By contrast, in cones there remained a significant temperature-dependence of the apparent dark light above 15°C even when the hypothesized effect of changing temporal integration was removed. This is consistent with the idea that L-cone dark sensitivity is truly limited by an intrinsic thermal ''light" at temperatures above 15°C. Table 1 The dark lights determined for the frog L-cones with different criteria.
T (°C)
Time-to-peak Sensitivity
7 5 ± 3 27 ± 8 10 ± 3 190 ± 30 15 7 ± 2 40 ± 6 35 ± 3 800 ± 200 20 13 ± 2 150 ± 20 120 ± 20 3700 ± 400 25 80 ± 5 450 ± 30 400 ± 100 8200 ± 600
4. Discussion
Rod and cone sensitivity and amplification
Expressed as numbers of k max -photons incident on the retina, the flash sensitivity of a frog retinal ganglion cell when driven by dark-adapted L-cones is about 500 times lower than when driven by dark-adapted rods (Donner et al., 1998) . Remarkably, the fractional single-photon response amplitude of L-cones is only five times lower than that of rods at temperatures <15°C. Of the 100-fold difference in the two measures of cone/rod sensitivity ratio, a factor 20 is accounted for by the rods' greater quantum catch: in our configuration, where light arrives from the photoreceptor side, the rods have a 54 times greater collecting area, but under natural light incidence this is offset by the light-collecting properties of the cone inner segment, which confers a 2.7-fold advantage. The remaining 5-fold attenuation of cone responses measured at the ganglion cell level must be accounted for by a lower gain of retinal transmission, which may partly reflect network adaptation by the roddepressing background light necessary for isolating the cone signals (Donner et al., 1998) .
As evident from Fig. 3 , the overall amplification according to the activation-only model (Lamb & Pugh, 1992 ) is actually about 5-fold higher in frog cones than in rods (the same relation applies in salamander: Pugh & Lamb, 1993) . Given that the amplification constant of Lamb and Pugh scales inversely with photoreceptor volume, the 70-fold rod/cone difference in outer segment volume implies that the molecular gain during the activation phase is 14 times less in cones than in rods. This may be largely explained by earlier interference of deactivation reactions (e.g. Zhang, Wensel, & Kraft, 2003) . Calcium turnover, which for a given change in outer segment current is more effective in cones (Miller & Korenbrot, 1994; Sampath, Matthews, Cornwall, Bandarchi, & Fain, 1999) , also provides a strong negative feedback to the light-induced decrease in photocurrent, thus hastening the recovery of the cone photoresponses. Higher hindrance to longitudinal diffusion by the folded structure of cone outer segments compared with rods (Holcman & Korenbrot, 2004) , as well as differences between the isoforms of the phototransduction molecules (Tachibanaki, Tsushima, & Kawamura, 2001 ) may also play a part.
The fact remains that, at the cellular level, initial activation is more effective in cones than in rods (Fig. 3) , and thus the lower sensitivity of cones is primarily due to faster response shut-off, as Pugh and Lamb (1993) have previously concluded for salamander and monkey. Note that the sensitivity difference between rods and cones persisted down to 7°C (see Fig. 3 ), thus including a range where ''light-adaptation" due to thermal activation of the cone transduction machinery played no significant part (Figs. 5, 8 and 9) .
Effects of temperature changes on flash responses in the darkadapted state
The general effects of temperature on the photoresponses of frog L-cones and rods were similar to those previous observed in turtle cones (Baylor, Hodgkin, & Lamb, 1974) and in rods of several species (Baylor et al., 1983; Donner et al., 1988; Lamb, 1984; Nymark et al., 2005) . Raising temperature caused an increase in the saturated response amplitude, a decrease in fractional sensitivity, and a general shortening of response time scale.
The acceleration of the rising (pure activation) phase with warming was similar in L-cones and rods and could be described by a Q 10 of ca. 1.5. Over the whole temperature range the rising phase of cone responses remained faster than that of rod responses by a constant factor of ca. 2. The time scale of the full flash response as measured by time-to-peak changed more steeply with temperature than that of the rising phase, implying that deactivation accelerated more strongly than activation. As a consequence, fractional sensitivity decreased monotonically with warming in both rods and cones.
The desensitization of rods with rising temperature agreed with earlier measurements in toad, frog and rat (Baylor et al., 1983; Donner et al., 1988; Lamb, 1984; Nymark et al., 2005) . We used the sensitivity decrease in rods as a baseline against which effects on L-cones were judged, noting that thermal activations of A1 rod rhodopsins occur so rarely that they cannot cause the thermal desensitization of rods (Ala-Laurila et al., 2007; Baylor et al., 1980) . The most important new finding in our temperature experiments on dark-adapted cells is that L-cones show a considerably steeper temperature-dependence than rods from ca. 15°C upwards, associated with cone-specific enhancement of response shutoff (Fig. 5) . This indicates that cones have an additional component of thermal desensitization, which resembles adaptation to background light.
Measuring L-cone ''dark light" from effects of background light
Apparent adapting ''dark lights" in photoreceptors can be translated into equivalent real lights by measuring how different background intensities affect flash responses at each of the experimental temperatures (Fig. 7) . If a certain intensity of real background light is found to affect any aspect of responses to test flashes, this indicates that the added light has been sufficient to change the state of the phototransduction machinery. Since a real background light can do this only through the visual pigment, the photoactivation rate it produces must have represented a significant addition to the intrinsic thermal activation rate of the visual pigment. Furthermore, the resulting total rate of visual-pigment activations (thermal + light) has evidently been sufficient to reset the state of the phototransduction machinery, regardless of any other factors that might contribute. Conversely, if a certain intensity of background light has no effect on responses to test flashes, this means either that it is not adding significantly to the ongoing rate of (thermal) visual-pigment activations, or that the total rate of pigment activations (thermal + light) still remains too low to override the effects of other factors.
Thus, titration with background light in principle permits strong conclusions about the role of the visual pigment in setting the state of the phototransduction machinery. However, extracting absolute values for the cell's dark light from such experiments is straightforward only if the shape of the function relating a certain response measure such as flash sensitivity (S f ) to background intensity is known. For example, under Weber adaptation, described by S f = S fD /(1 + I B /I 0 ), the dark light I 0 is the background intensity that depresses sensitivity to half its dark-adapted value (S f = S fD /2 when I B = I 0 ). Under de Vries-Rose (square root) adaptation, described by S f = S fD /(1 + I B /I 0 ) ½ , the dark light I 0 is the background intensity that depresses sensitivity to 71% of its dark-adapted value (S f = S fD / p 2 when I B = I 0 ). As shown in Figs. 6 and 7, however, such simple functions fail to capture the complex effects of background light on sensitivity in L-cones, where at least five distinct phases can be discerned (Donner et al., 1998) . The effect that appeared at the lowest background intensities was response acceleration associated with little or no decrease in sensitivity, or even with increasing sensitivity (Fig. 6 ). Initial acceleration connected with an increase in sensitivity under weak backgrounds is an effect not envisaged by any current models of gain-setting and adaptation in cones, and has also been observed in single cell current recordings from monkey L-cones (Dunn et al., 2007) . In view of the opposite ''sensitizing" and ''desensitizing" effects likely to overlap in L-cones under weak backgrounds, we chose to base our principal dark light estimate not on sensitivity changes, but on changes in time scale, i.e., t p VI functions (log time to peak vs. log background intensity, Fig. 7b ), which are monotonically decreasing. Fitting these with power functions of the form t p = t pD /(1 + I B /I 0 ) 0.17 yielded a measure (at I B = I 0 ) of the total intrinsic adapting activity in the cones, expressed as an equivalent rate of photoactivations at each temperature. The ''dark light" determined in this way (our Method 1) was denoted I D,t . At our four standard temperatures (7, 15, 20 and 25°C) , I D,t was 30, 40, 150 and 450 P * s
À1
, respectively. It is noteworthy that although our Methods 2-4 for estimating the dark light from background experiments ( Table 1 ) gave estimates that differed by more than two orders of magnitude in absolute terms, all consistently indicated a ca. 10-fold increase upon warming from 15 to 25°C.
Relation of the estimated ''dark light" to rates of thermal pigment activation
If a single dominant source of intrinsic activity determines the operating point of the transduction machinery at all temperatures, the ''dark light" I D estimated in a suitable way from effects of adapting background light bears a straightforward relation to that activity. This is approximately the case in salamander L-cones as presented by Rieke and Baylor (2000) , who argued that thermal activations of the visual pigment constitute the dominant source of intrinsic activity, effectively light-adapting the cells. In this case, I D extracted from background experiments will directly reflect the actual rate of thermal pigment activations, I P Ã T , and change proportionally to I P Ã T as function of temperature. Such a simple relation does not apply to frog L-cones with A1 pigment. The temperature dependence of I D was much too steep to reflect rates of thermal pigment activations alone. Regardless of the method used for determination, I D increased by 10-11-fold upon warming from 15 to 25°C (Table 1 and Figs. 8 and 9 ). Rates of thermal activation of visual pigments have been found to increase only by factors 3.8-4.7 over the same range (Baylor et al., 1980; Sampath & Baylor, 2002 ; cf. the model of Ala-Laurila et al., 2004) . Assuming that I D must be P I P Ã T at 15°C (and indeed at any temperature), the value at 25°C would be at least 2-3 times higher than realistic visual-pigment activation rates. Thus, there must be additional factors limiting the susceptibility to background adaptation in frog L-cones.
Experimental estimates of I D will reflect not only the combined effect of all intrinsic adapting factors, but also (changes in) the efficiency of the real background light used to probe the intrinsic activity. As the impact of each photoisomerization from the background gets smaller with warming due to decreasing sensitivity and integration time, the measured I D will rise due to decreased efficiency of the probe (background light) alone. In rods, we found that the shortening of integration time with rising temperature was in fact sufficient to account for the lower susceptibility to backgrounds (Fig. 9) . In the cones, however, this explained only a minor component of I D changes, indicating that the intrinsic activation state of the phototransduction machinery really changed with temperature. As explained above, this cannot be accounted for by thermal activation of visual pigment alone. One additional source of light-like activity in photoreceptors is spontaneous activation of phosphodiesterase, but this effect seems not to be strongly temperature-dependent at least in toad rods (Baylor et al., 1983) . In Lcones, another source may be free opsin, which is known to activate transduction at a low level (Cornwall, Matthews, Crouch, & Fain, 1995; ), but neither the absolute level nor the temperature-dependence of this activity in dark-adapted cones in situ is known. The present data do not allow us to partition the estimated dark light on different sources, and the obtained estimates I D,t must be considered as upper bounds for thermal activation rates of the frog's A1 L-cone pigment.
Apparent dark light values compared with estimates of thermal activation rates in L-cone pigments of different species
The single-photon response in L-cones is always too small to stand out from the continuous noise as a discrete ''bump" like in rods (cf. Rieke & Baylor, 2000) . Therefore, earlier determinations of pigment activation rates in native cones have been based on analysis of power spectra of dark noise. In species where no distinct low-frequency noise component (consistent with the Fourier transform of the dim-flash response) can be discerned or even elicited by adding photon noise from weak background lights, rates derived by attributing the low-frequency noise to visual-pigment activations must be viewed with caution. Such is the case in L-cones of turtle (Lamb & Simon, 1977 ) and monkey (Schneeweis & Schnapf, 1999) , which have yielded very high estimates of several thousands of P * s
À1
. In salamander L-cones, a distinct low-frequency noise component can be discerned, which if arising from pigment activations corresponds to rates of 600 (Rieke & Baylor, 2000) or 1000 (Sampath & Baylor, 2002 ) P * s À1 at 20°C. These values are significantly higher than our frog I D,t estimates at the same temperature. This is not surprising, as salamanders have a significant proportion of pigment with A2 chromophore. This produces a much less stable pigment than the same opsin coupled to the A1 chromophore at least in amphibian rods (Ala-Laurila et al., 2007; Donner, Firsov, & Govardovskii, 1990b) , and probably also in cones (Fu et al., 2008; Kefalov, Fu, & Yau, 2005) . The molecular rate constant a = 5.7Â10 À6 s
reported for salamander L-cone pigment at 20°C (Sampath & Baylor, 2002) would result in ca. 220 P * s À1 at 20°C and 440 P * s À1 at 25°C in frog L-cones (assuming 3.2 mM pigment concentration: Hárosi (1982) and outer-segment size 20 pl). The A2/A1 chromophore ratio in salamander L-cones is variable and uncertain, however, and some animals may have up to 70% of A1 (Makino & Dodd, 1996) . We can derive an upper-limit prediction for thermal pigment activation rates in frog A1 L-cones from the salamander values of Sampath and Baylor (2002) under the conservative assumptions that (1) the average A2:A1 ratio in the salamander cones was 2:3 and (2) the ratio of molecular rate constants for A2:A1 pigment activation is 10:1 (Donner et al., 1990b) . This yields a predicted upper bound of ca. 70 P * s À1 for frog A1 L-cones at 25°C, which is only 15% of the I D,t value obtained here at that temperature. In two recent studies an alternative approach has been used for determining rates of thermal activation of L-cone pigments. The pigment has been expressed in rod transduction environments, whereby the responses to single pigment activations resemble the discrete events in rods and the analysis becomes more straightforward. The values thus obtained are much lower than earlier estimates. Kefalov et al. (2003) found a rate for salamander L-cone pigment at 20°C that would correspond to 175 P * s À1 in a single native cone, and an even lower rate of spontaneous pigment activation in our frog cones than the upper-limit prediction derived above. The rate reported by Fu et al. (2008) for human L-cone pigment at 37°C is amazingly low, corresponding to 10 P * s À1 when projected back into a single cone. The lowest background intensity where monkey cones show changes in time scale or sensitivity is almost 100-fold higher (Dunn et al., 2007) . Ala-Laurila, Albert, Saarinen, Koskelainen, and Donner (2003) , and Ala-Laurila et al. (2004) argued that the thermal stability of visual pigments can be tuned partly independently of spectral properties, both by modification of the opsin and by choice of chromophore. The importance of stability depends on the tasks the L-cones are used for, and in view of the high-sensitivity, low-noise demands of foveal vision, human L-cone pigment may have evolved exceptional stability (Fu et al., 2008; cf. Donner, 1992) . Frog and salamander L-cone opsins may also have evolved to be particularly stabilizing, but for another reason: they must cooperate with the unstable A2 chromophore during at least some stage of life history (in frogs during the tadpole stage). This could make the A1 version of the pigment exceptionally stable (cf. discussion of rod pigments in Donner et al. (1990b) and Ala-Laurila et al. (2007) ). Generalizations about the stability of A1 L-cone pigments will have to await experimental data from a broader sample of species.
